Abstract Fluidization characteristics of quartz particles with different sizes are experimentally investigated in a fluidized bed with an inner diameter of 300 mm and height of 8250 mm. Results show that the average solid holdup increases with the increase in superficial gas velocity and the decrease in initial solid holdup in the dense zone of the fluidized bed. The average cross-sectional solid holdup decreases with increasing bed height and superficial gas velocity. The bed expansion coefficient increases with the increase in superficial gas velocity and the decrease in solid holdup. Correlations of average solid holdup, average cross-sectional solid holdup and bed expansion coefficient are also established and discussed. These correlations can provide guidelines for better understanding of the fluidization characteristics.
Introduction
Oil sands are an alternative fossil fuel which is composed of 10 %-12 % (mass fraction) bitumen, 80 %-85 % sand and clay and 3 %-5 % water (Painter et al. 2010; Xu et al. 2008) . In China, the total oil sands reserves are approximately 5.97 billion tons, but only 2.58 billion tons can be extracted and utilized with current technology, meaning great development and utilization potentials. Conventionally, there exist two methods for separation of bitumen from oil sands, the hot water separation method (Fan and Bai 2015; Ren 2011 ) that can only be used for water-wet oil sands (Zhao et al. 2014 ) and the solvent extraction method that can be used to process oil-wet oil sands, but it requires high treatment costs and can result in environmental pollution.
The pyrolysis method has also been reported to improve the bitumen recovery from oil-wet oil sands with better operation flexibility than the two methods mentioned above. Recently, a lot of research has been focused on the pyrolysis of oil sands in fixed beds Wang 2015) . Meng et al. (2007) studied the pyrolysis behaviors of Tumuji oil sands (from Inner Mongolia, China) in fixed beds by thermogravimetry (TG), which is used to investigate the effects of heating rate on pyrolysis and reaction kinetics. Lu et al. (2008) made an investigation on extraction of bitumen from oil sands by a direct fluidized-bed coking method, as shown in Fig. 1 . The pyrolysis of oil sands is carried out in the fluidized bed. Then, the coked oil sands particles are conveyed to the burner to burn out the coke in the particles. After that, the burned oil sands particles are quickly returned to the reactor, and the heat produced in the burner is also taken to the reactor by the burned oil sand particles for heating the raw oil sand feedstock and for the pyrolysis. This process can improve the bitumen recovery with heat balance and good operation feasibility. Research has indicated that there are significant differences between the pyrolysis and solvent extraction methods in terms of qualities of product. Gao et al. (2013) compared the products of Inner Mongolia oil sands processed, respectively, by organic solvent extraction and fluidized-bed thermal reaction (pyrolysis) and found that the liquid product from the fluidized-bed thermal reaction had much lower density, viscosity and Conradson carbon residue than that from organic solvent extraction.
The unique features of direct fluidized-bed coking of oil sands enable it to be effectively used in the separation of bitumen from oil sands, where the fluidization characteristics of burned oil sands particles are of main concern. However, oil sands particles from different places and buried depths have wide and different size distributions. Therefore, the fluidization characteristics of different sizes of oil sand particles are critical for proper industrial design of fluidized beds.
The fluidization characteristics that have been studied mainly include the average solid holdup, the axial average solid holdup and the bed expansion coefficient (Ahuja and Patwardhan 2008; Sun et al. 2009; Zhang et al. 2015) . The average solid holdup in the dense region is the key parameter for designing industrial fluidized beds. Avidan and Yerushalmi (1982) reviewed earlier studies on the effect of superficial gas velocity on the void ratio at high velocity. Lu et al. (1996a, b) have studied the average solid holdup in the dense zone in a turbulent bed and obtained a correlation of it. The axial average solid holdup distribution is crucial for investigation of the momentum transfer, mass transfer and heat transfer between gas and solid. Cai et al. (2008) found that the average dense zone solid holdup decreased with increasing height of the fluidized bed. Recently, Cui et al. (2014) studied the axial distribution and evolution of solid holdup in a fluidized bed-Riser coupled reactor and the effect of superficial gas velocity on the axial distribution of solid holdup. Zhu et al. (2014) studied the axial distribution of solid holdup in a pre-lifting structure with two strands of catalyst inlets. The bed expansion coefficient is widely used to determine the height of the dense bed. Lu et al. (1996a, b) systematically studied the bed expansion coefficient in a turbulent fluidized bed and proposed the empirical equation for prediction of the expansion height in the turbulent fluidized bed. Tang et al. (2012) studied the expansion characteristics of particle mixtures in the dense region of fluidized beds using the bed height-to-dense bed ratio. However, most of these experiments are concentrated on the fluidization characteristics of single-component particles, and the fluidization characteristics of multi-component particles are rarely reported.
The purpose of this work is to contribute to a better understanding and modeling of the fluidization characteristics of multi-component particles. For this objective, four kinds of particles with different sizes were used in Plexiglas experimental equipment for the study of multi-sized mixed particles. The models for the average solid holdup, the axial average section solid holdup and the bed expansion coefficient were developed. 2 Experimental method
Experimental apparatus and method
Experiments were carried out in Plexiglas equipment with an inner diameter of 300 mm and a height of 8250 mm, as shown in Fig. 2 . A plate distributor with 100 holes of diameter 3 mm was fixed in the bottom of the fluidized bed. The opening area ratio is 1.1 %. The pressures at different positions along the bed height were measured by using a FXC-G/32 pressure transducer (Beijing Sensing Star Control Technology Co., Ltd. China), and the air superficial velocity was measured by a rotameter. The initial and dense bed height was measured by using a ruler adhered on the wall of the bed. As shown in Fig. 3 , there were 16 measuring points on the wall along the bed height. More measuring points were installed in the dense bed. The average solid holdup e s can be calculated by the following two equations,
where DP means the pressure drop, kPa; DH is the distance between two measure points, m; q p is the density of particles, kg/m 3 .
Experimental materials
In this experiment, the solid particles were Geldart A, B, C, and D quartz sand particles. The particle size distributions are shown in Fig. 4a -d, and the physical properties of the particles are given in Table 1 , and Geldart has shown the difference between different types of Geldart particles (Geldart 1973) . Ambient air was used as the fluidizing gas.
3 Results and discussion
Average solid holdup
Figures 5, 6 and 7 show the effect of different factors on the average solid holdup of A, B, C and D quartz sand particles in the dense phase. As shown in Fig. 5 , the average solid holdup increased with increasing particle diameter. The slope of the curves decreased with the increase in particle diameter. This is reasonable because initial solid holdup increases with increasing particle diameter. When the particle diameter was small, initial solid holdup increased rapidly with increasing particle diameter. Thus, the average solid holdup increased with increasing initial solid holdup. Figure 6 shows the effect of superficial gas velocity on the average solid content. It was clear that the average solid content decreased with the increasing superficial gas velocity because the solid holdup decreased with more gas passing through the dense phase. It was found that the average solid holdup of particles C and D decreased more greatly than that of particles A and B because of their different expansibilities. shows that the average solid content increased with increasing initial solid holdup. The initial solid holdup had a more significant effect on the average solid concentration than the particle diameter and superficial gas velocity shown in Figs. 5 and 6.
Axial average section solid holdup
Figure 8a-d shows the axial average solid holdup distribution of four kinds of different size quartz particles in the dense phase (when the initial bed height is 450 and 650 mm). As shown in Fig. 8 , the curves of the four different size ranges of particles were similar in shape. The average solid holdup decreased along the axial height and also decreased with an increase in superficial gas velocity. Since the density of the quartz particles is high, gravity has an appreciable impact on the axial average solid holdup distribution when particles travel against gravity. Gas began to accumulate into big bubbles along the axial height resulting in a higher void ratio along the axial height. When the superficial gas velocity increased, two phenomena appeared. On the one hand, as a result of more and more bubbles appearing, the void ratio of the dense bed increased rapidly. On the other hand, the increasing diameters of bubbles followed by a rapid ascending motion led to the decrease in the void ratio. However, the first factor occupies the leading position. Because in this experiment, the flow regime was turbulent bed, on the impact of turbulent gas flow, bubbles were broken. Thus, when the superficial gas velocity increased, the diameter of bubbles decreased and the number of bubbles increased. As a result, the average solid holdup decreased with increasing superficial gas velocity. Compared with particles A, B and D, the average solid holdup of particles C decreased drastically with the increase in superficial gas velocity. This clearly verified that the smaller the diameter of particles was, the smaller the diameter of bubbles was.
Bed expansion coefficient
Two methods are generally used to calculate the bed expansion coefficient. One is based on the bed height ratio (R h ), which means the ratio of the dense bed height to the initial bed height which can be regarded as the bed expansion coefficient. The other is based on the solid content ratio (R e ), which represents the ratio of initial solid holdup to average solid holdup in the dense phase. These two equations are shown as follows,
where H means the dense bed height, m, and H 0 means the initial bed height, m. The method based on R h can be used to calculate and measure bed expansion coefficient easily when the superficial gas velocity was low. As for high superficial gas velocity, which will cause more fine particles being carried into the dilute phase, the method above exposed shortcomings by getting the result that R h decreased with increasing superficial gas velocity. It is contradictory to the actual fact that the bed expansion coefficient increases with the increasing superficial gas velocity. On the contrary, the method based on R e can be used under the condition of high superficial gas velocity. Thus, the bed expansion coefficient of the four sizes of quartz particles was calculated by using the method based on solid content ratio (R e ). Figure 9 shows the effect of superficial gas velocity on the bed expansion coefficient based on R e . The bed expansion coefficient increased in proportion to the superficial gas velocity. That is why bed expansion coefficients of particles A and C were bigger than those of particles B and D. This phenomenon can be explained by the following aspects. On the one hand, the diameter of particles was in direct proportion to the weight of the particles, which indicated that heavier particles were more difficult to be expanded than fine particles. On the other hand, the increase in particles diameter further gave rise to the increase in the bubble diameter in the dense bed. As a result, big bubbles had higher rising velocity which weakened the expansion of the dense bed. This conclusion is similar to the study based on bed height ratio (R h ). 
Correlation development
Correlations of average solid holdup, axial average section solid holdup and bed expansion coefficient were proposed based on the analysis of experimental data and previous studies. Comparison between the calculated result and the experimental data was made to show the feasibility of the correlations.
The correlation of average solid holdup
Analysis of the experimental results clearly highlights the significant combined influence of superficial gas velocity, particle diameters and initial solid holdup on the average solid holdup of the particles. The Reynolds number (Re = (d p u g q g )/l) was used to show the effect of operation conditions and properties. The correlation built by the least squares method is represented as follows: 
where e s,b means the solid holdup of the fluidized bed. As shown in Eq. (5), the average solid holdup of particles increased with increasing diameter and initial solid holdup and decreased with the increase in superficial gas velocity. Figure 10 shows how this was in good agreement with the experimental result. Figure 10 shows that the calculated values were in good agreement with the experimental data. The deviations were within -11.9 % * 13.6 %, demonstrating the reliable fitting of this correlation to predict the average solid holdup of the particles.
The correlation of axial average section solid holdup
As shown above, superficial gas velocity (u g ), axial height of the dense phase (h), initial solid holdup (e s,0 ) and the properties of particles together affected the distribution of the axial average solid holdup of different size particles. The Reynolds number was used to illustrate the effect of superficial gas velocity and particle properties. The ratio of the height to the diameter of fluidized bed was used to show the effect of the axial height of the dense phase. The correlation is shown as follows: where h means the height of the fluidized bed, m, and D means the diameter of the fluidized bed, m. As shown in Eq. (6), the average solid holdup of different component particles increased with increasing initial solid holdup and decreased with increasing superficial gas velocity. Meanwhile, the average solid holdup decreased along the axial height. Figure 11 shows the comparison between the calculated average solid holdup and the experimental data. The average relative error was 15.4 %, according to which the correlation of the axial average solid holdup was feasible.
The correlation of bed expansion coefficient
The solid content ratio (R e ) is used to calculate the bed expansion coefficient in the situation of high superficial gas velocity. The correlation is shown as follows: (7) indicated that the solid content ratio increased with increasing superficial gas velocity and decreased with the increase in particle diameter. This showed that Eq. (7) is in good agreement with the analysis above. Figure 12 shows the comparison between the calculated bed expansion efficient and the experimental data. The average relative error was only 4.35 %, which means that the bed expansion efficient correlation based on R e was reliable.
Conclusions
In this work, the fluidization characteristics of different sized particles were investigated at various superficial gas velocities in the dense phase. Predictive correlations between average solid holdup in the dense phase, axial average solid holdup and bed expansion coefficient were also established and discussed. The following conclusions are obtained:
(1) The average solid holdup in the dense zone decreases with increasing superficial gas velocity and decreases with a decrease in initial solid holdup. (2) The axial average section solid holdup decreases with increasing bed height and increasing superficial gas velocity. (3) The bed expansion coefficient increases with the increase in superficial gas velocity and increases with a decrease in initial solid holdup.
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